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			Abstract | Focusing on resilience-building in the Robusta coffee supply chain, this study introduces an innovative risk analysis and mitigation framework utilizing fuzzy logic techniques in the context of East Java. The research addresses critical issues of uncertainty and ambiguity in risk assessment, which are often inadequately handled by traditional methods. Fuzzy Failure Mode and Effects Analysis (FMEA) and the Fuzzy Analytical Hierarchy Process (AHP) were employed to identify, evaluate, and prioritize potential risks and mitigation strategies. Data was collected from 150 respondents, including 80 farmers, 30 processors, 20 distributors, and 20 local government officials. Unlike conventional risk analysis methods that rely on precise numerical inputs, fuzzy logic incorporates subjective perceptions and imprecise data, making it particularly effective in addressing complex and uncertain conditions. This study reveals the applicability of fuzzy techniques in enhancing supply chain resilience by providing a flexible and realistic approach to decision-making. The study revealed enhanced pest management, improved irrigation systems, crop diversification, and infrastructure development as the most effective mitigation strategies against climate-related supply chain risks. Based on these findings, practical recommendations were proposed for farmers, policymakers, and supply chain managers to strengthen resilience and sustainability within the Robusta coffee supply chain. This research contributes to supply chain risk management by applying fuzzy-based FMEA and AHP techniques, offering a structured and adaptable framework for analyzing uncertainties and prioritizing risk mitigation strategies in agricultural contexts.
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			Introduction

			The coffee industry represents a crucial component of the global agricultural sector, contributing over USD 100 billion annually to the world economy and supporting the livelihoods of more than 125 million people across more than 70 countries, particularly in developing regions (Voora et al., 2019). As one of the most widely consumed beverages, coffee, particularly Robusta coffee (Coffea canephora), holds a strategic position in regions with favorable growing conditions, such as Indonesia (Kath et al., 2020). The Robusta coffee supply chain encompasses a series of interconnected activities, including cultivation, harvesting, processing, distribution, and consumption (Ruhyana et al., 2022). However, despite its significant economic importance, the coffee supply chain faces numerous challenges, including climate variability, pest and disease outbreaks, fluctuating market prices, limited access to infrastructure, and inconsistent quality control. Among these, climate variability and pest outbreaks are considered the most critical risks, as they directly affect production yields and threaten the long-term sustainability of the supply chain.

			One of the primary challenges in the Robusta coffee supply chain in East Java is its vulnerability to risks arising from climate variability, market dynamics, socio-economic factors, and infrastructural limitations. Climate variability, including extreme weather events, has significantly impacted coffee production by affecting crop yields, quality, and susceptibility to pests and diseases (Jawo et al., 2023). Additionally, fluctuations in coffee prices and market demand have led to unstable income and livelihoods for coffee farmers (Campbell, 2021). Socio-economic issues, such as labor shortages, inadequate infrastructure, and socio-political instability, further exacerbate the complexities of the supply chain (Hochachka, 2023).

			In response to these challenges, there is an increasing awareness of the need for innovative methodologies and strategies to enhance the resilience of the Robusta coffee supply chain. Traditional risk management approaches often fail to adequately address the uncertainties and complexities inherent in modern supply chains (Gurtu and Johny, 2021; Olufunke et al., 2024). This gap underscores the importance of leveraging advanced analytical techniques and decision-making tools, such as Fuzzy Logic, to improve risk analysis and mitigation efforts.

			Fuzzy logic in supply chain risk management

			Fuzzy logic, first introduced by Zadeh (1965), provides a flexible framework for modeling and reasoning under uncertainty, vagueness, and imprecision (Reyes-García and Torres-García, 2022). Unlike traditional binary logic, which operates on absolute values, fuzzy logic accommodates degrees of truth, making it particularly suitable for addressing the nuanced nature of risks in complex systems like supply chains. For instance, climate variability impacts coffee yields differently across years, and fuzzy logic allows stakeholders to evaluate these impacts within a range of potential outcomes rather than fixed values.

			In the context of the Robusta coffee supply chain, fuzzy logic techniques such as Fuzzy Failure Mode and Effects Analysis (FMEA) and Fuzzy Analytical Hierarchy Process (AHP) are particularly valuable. Fuzzy FMEA enables the identification, evaluation, and management of risks by integrating subjective perceptions and imprecise data, while Fuzzy AHP facilitates the prioritization of mitigation strategies based on multi-criteria decision-making (Deiva Ganesh and Kalpana, 2022; Maskrey et al., 2022). These tools offer significant advantages over traditional methods by addressing the ambiguity and subjectivity often encountered in agricultural supply chains.

			Diagram of existing and proposed supply chain

			To illustrate the challenges and proposed solutions more effectively, Figure 1 presents the existing Robusta coffee supply chain framework in East Java, which operates under traditional risk management approaches. This framework highlights key stakeholders such as farmers, processors, distributors, and exporters, along with the associated risks, including climate variability, price volatility, and socio-economic constraints.
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			Figure 1: Traditional robusta coffee supply chain framework in East Java.
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			Figure 2: Proposed fuzzy-integrated supply chain framework for risk mitigation.

			Meanwhile, Figure 2 showcases the proposed supply chain framework integrated with fuzzy-based methodologies. This framework emphasizes the role of fuzzy logic in identifying and mitigating risks at each stage of the supply chain, enabling a more resilient and adaptive system. 

			For instance, in the proposed model:

			
					Fuzzy FMEA evaluates the likelihood and severity of risks such as pest outbreaks or labor shortages, providing stakeholders with a more nuanced understanding of potential disruptions.

					Fuzzy AHP prioritizes mitigation strategies based on impact, cost, and feasibility, facilitating more informed decision-making.

					This study utilizes conceptual diagrams to map key supply chain challenges and to demonstrate the application of fuzzy-based approaches in enhancing risk analysis and mitigation.

			

			Research objectives and contribution

			This study explores the application of fuzzy logic to address the unique challenges and uncertainties faced by stakeholders in the Robusta coffee supply chain in East Java. By leveraging Fuzzy FMEA and Fuzzy AHP, this research aims to:

			
					Enhance the accuracy and realism of risk assessments.

					Develop tailored mitigation strategies to improve supply chain resilience.

					Contribute to the existing body of knowledge on agricultural supply chain risk management through the integration of advanced fuzzy methodologies.

			

			This research represents a novel and interdisciplinary effort to innovate risk analysis and mitigation strategies in the coffee industry. The findings are intended to offer actionable insights and evidence-based recommendations to support stakeholders including farmers, policymakers, and supply chain actors in managing risks and enhancing the resilience of the Robusta coffee supply chain.

			Materials and Methods

			This study focuses on the Robusta coffee supply chain in East Java, Indonesia, particularly in Malang Regency. East Java is renowned for its favourable agro-climatic conditions, which are conducive to the cultivation of Robusta coffee. The region’s climate, soil, and topography provide an ideal environment for growing high-quality Robusta coffee beans. The study area was chosen due to its significant contribution to the Indonesian coffee industry and its susceptibility to various risks that threaten the sustainability and resilience of the supply chain.

			Data collection

			Data for this study were collected through a combination of primary and secondary sources. Primary data collection involved conducting semi-structured interviews with key stakeholders in the Robusta coffee supply chain, including farmers, processors, distributors, and local government officials. These interviews aimed to gather detailed insights into the risks faced by the supply chain and the current risk management practices. Additionally, structured questionnaires were distributed to a larger sample of stakeholders to quantify the prevalence and impact of various risks identified during the interviews. The surveys covered climate variability, market fluctuations, socio-economic factors, and infrastructural challenges. Secondary data collection included a comprehensive literature review on supply chain risk management, fuzzy logic applications, and the coffee industry to provide a theoretical foundation for the study. Furthermore, historical data on coffee production, weather patterns, market prices, and other relevant metrics were gathered from government reports, industry publications, and academic sources.

			The study involved 150 respondents, comprising key stakeholders from various sectors of the Robusta coffee supply chain in East Java. Respondents were selected using purposive sampling, based on their active roles and experience in coffee production, processing, distribution, or policymaking. This approach ensured the inclusion of individuals with relevant knowledge and decision-making capacity regarding supply chain risks and mitigation strategies. Among them were 80 farmers actively engaged in coffee cultivation, 30 processors involved in the coffee bean processing phase, 20 distributors responsible for transporting coffee products, and 20 local government officials overseeing regulatory aspects and infrastructure development within the region, was based on a detailed analysis of the supply chain structure and stakeholder roles in the region. This distribution reflects the key players involved in each stage of the supply chain, from cultivation to distribution and regulatory oversight. Data from local agricultural reports and supply chain surveys indicated that this composition mirrors the actual distribution of roles within the supply chain, making the sample representative of the sector’s key stakeholders.

			Risk identification and assessment

			The risk identification and assessment process involved the following steps:

			Risk identification: A panel of experts was consulted using the Delphi method to identify the primary risks affecting the Robusta coffee supply chain. The Delphi method is an iterative process that involves multiple rounds of surveys and feedback to achieve a consensus among experts. The Delphi method used in this study involved a structured iterative process to achieve consensus on the key risks affecting the Robusta coffee supply chain. This process consisted of three rounds of questionnaires. In the first round, experts provided initial assessments of risk factors. The second round involved feedback on the initial responses, with experts reassessing their answers based on the group’s feedback. The third round focused on refining and finalizing the risk factors, ensuring a high level of agreement among experts. This iterative approach helped in achieving a well-rounded consensus on the most critical risks and their impacts, enhancing the reliability of the risk assessment (Table 1).

			Fuzzy failure mode and effects analysis (FMEA): FMEA was employed to evaluate and prioritize the identified risks. Traditional FMEA was enhanced with fuzzy logic to handle the uncertainty and ambiguity in risk assessment (Table 2). The steps involved in Fuzzy FMEA are as follows:

			
					Risk Factors: Defining the risk factors such as severity, occurrence, and detection.

					Fuzzy Logic Application: Applying fuzzy logic to transform qualitative assessments into quantitative scores.

					Risk Priority Number (RPN): Calculate the fuzzy RPN for each risk by combining the fuzzy scores of severity, occurrence, and detection scores.

			

			The implementation of Fuzzy Failure Mode and Effects Analysis (FMEA) in this study utilized the Fuzzy Logic Toolbox in MATLAB for computational analysis. This software allowed for precise fuzzification and defuzzification of risk factors, providing a robust framework for handling the inherent uncertainties in risk assessment. The fuzzy risk priority numbers (RPNs) were calculated using triangular fuzzy numbers (TFNs) to represent the severity, occurrence, and detection of risks. The use of MATLAB facilitated efficient processing of these fuzzy calculations and enabled detailed analysis of risk impacts on the Robusta coffee supply chain.

			Table 1: Defining risk factor.

			
				
					
					
				
				
					
							
							Risk factor

						
							
							Description

						
					

					
							
							Severity (S)

						
							
							Impact of the risk if it occurs, categorized as Low (1-3), Medium (4-6), or High (7-9).

						
					

					
							
							Occurrence (O)

						
							
							Likelihood of the risk occurring, categorized as Rare (1-3), Possible (4-6), or Likely (7-9).

						
					

					
							
							Detection (D)

						
							
							Ability to detect the risk before it occurs, categorized as Easy (1-3), Moderate (4-6), or Difficult (7-9).

						
					

				
			

			Table 2: Fuzzification of risk factors.

			
				
					
					
					
				
				
					
							
							Risk 

							factor

						
							
							Linguistic 

							terms

						
							
							Triangular Fuzzy numbers (TFNs)

						
					

					
							
							Severity (S)

						
							
							Low, Medium, High

						
							
							Low (1, 2, 3), Medium (4, 5, 6), High (7, 8, 9)

						
					

					
							
							Occurrence (O)

						
							
							Rare, Possible, Likely

						
							
							Rare (1, 2, 3), Possible (4, 5, 6), Likely (7, 8, 9)

						
					

					
							
							Detection (D)

						
							
							Easy, Moderate, Difficult

						
							
							Easy (1, 2, 3), Moderate (4, 5, 6), Difficult (7, 8, 9)

						
					

				
			

			Prioritization of mitigation strategies

			To prioritize the risk mitigation strategies, the Fuzzy Analytical Hierarchy Process (AHP) was utilized:

			
					Criteria Definition: Identifying the criteria for prioritizing mitigation strategies, such as potential impact, implementation cost, and resource availability.

					Pairwise Comparison: Conduct pairwise comparisons of the criteria and the mitigation strategies using fuzzy scales to account for subjective judgments.

					Fuzzy AHP Calculation: Using fuzzy AHP to derive each criterion’s priority weights and rank the mitigation strategies accordingly.

			

			Simulation and validation

			Monte carlo simulation: Monte Carlo simulation was performed to test the reliability and robustness of the fuzzy FMEA and AHP models under different scenarios. This method involves running many simulations to account for variability and uncertainty in the input data. Monte Carlo simulation was employed to test the robustness of the fuzzy model by simulating various risk scenarios and their impacts on the coffee supply chain. This simulation involved running thousands of iterations with varying risk inputs to assess the stability and reliability of the fuzzy model’s predictions. By analyzing the range of potential outcomes and their probabilities, the simulation provided insights into the model’s performance under different risk conditions, thus ensuring that the fuzzy analysis accurately reflects real-world uncertainties and enhances the reliability of the risk management strategies proposed.

			Historical data comparison: The fuzzy models’ results were compared with historical data on risk occurrences and impacts in the Robusta coffee supply chain to ensure their validity and applicability.

			Implementation: The final step involved developing practical stakeholder guidelines based on the study’s findings. This step included creating comprehensive risk mitigation plans tailored to the specific needs and conditions of the Robusta coffee supply chain in East Java. Additionally, conducting workshops and training sessions for stakeholders was prioritized to disseminate the research findings and enhance their capacity in risk management using fuzzy logic techniques. By employing a combination of fuzzy FMEA and AHP, this study aims to provide a robust framework for risk analysis and mitigation in the Robusta coffee supply chain, ultimately enhancing its resilience and sustainability.

			Result and Discussion

			This study focuses on applying fuzzy logic to risk analysis and mitigation in the Robusta coffee supply chain in East Java. The findings are based on data collected from primary and secondary sources and the application of Fuzzy Failure Mode and Effects Analysis (FMEA) and Fuzzy Analytical Hierarchy Process (AHP).

			Fuzzy failure mode and effects analysis (FMEA)

			Identification of risk factors: The Delphi method identified several key risk factors affecting the Robusta coffee supply chain. The risks identified in this study are categorized into environmental, market, socio-economic, and infrastructural risks to reflect the comprehensive nature of supply chain challenges in the agricultural sector. These categories were chosen because they encompass the most critical areas that influence supply chain performance, from unpredictable environmental conditions (e.g., climate change) to market fluctuations, socio-economic factors affecting labor availability, and the physical infrastructure required for efficient product transportation. These categories also align with previous studies on agricultural risk assessment, providing a well-rounded framework for evaluating risks. The primary risks identified include:

			
					Environmental Risks: Climate variability, extreme weather events, pest and disease outbreaks.

					Market Risks: Price fluctuations, demand variability.

					Socio-economic Risks: Labor shortages, socio-political instability.

					Infrastructural Risks: Inadequate infrastructure, transportation disruptions. 

			

			Fuzzy FMEA implementation: The fuzzy FMEA methodology was validated using historical data on past risk occurrences in the Robusta coffee supply chain, ensuring that the model accurately reflects real-world conditions. This validation process is crucial, as it confirms that the fuzzy model is not only theoretical but also practical and grounded in actual risk events. By comparing the model’s risk priority numbers (RPN) with historical data, we can assess the model’s accuracy in prioritizing risks that have historically impacted the supply chain. The fuzzy models’ results were compared with historical data on risk occurrences and impacts in the Robusta coffee supply chain to ensure their validity and applicability.

			Calculation nof fuzzy risk priority number (RPN)

			The defuzzification process, specifically using the centroid method, was employed to convert fuzzy values into crisp outputs. The fuzzy RPN for each risk was calculated using the formula:

			Fuzzy RPN = Fuzzy S × Fuzzy O × Fuzzy D

			The fuzzy RPN values were then defuzzified to obtain crisp values for comparison. Defuzzification was done using the centroid method. The centroid method was chosen because it provides the most balanced representation of fuzzy data by calculating the center of gravity of the fuzzy set. This process is critical for decision-making, as it allows for clear, actionable insights from complex fuzzy data, enabling supply chain managers to make informed decisions based on quantified risks.

			Table 3: RPN calculation.

			
				
					
					
					
					
					
					
				
				
					
							
							Risk factor

						
							
							Severity (S)

						
							
							Occurrence (O)

						
							
							Detection (D)

						
							
							Fuzzy RPN (TFNs)

						
							
							Defuzzified (RPN)

						
					

					
							
							Climate Variability

						
							
							High (7, 8, 9)

						
							
							Likely (7, 8, 9)

						
							
							Moderate (4, 5, 6)

						
							
							(196, 360, 486)

						
							
							347.33

						
					

					
							
							Price Fluctuations

						
							
							High (7, 8, 9)

						
							
							Possible (4, 5, 6)

						
							
							Moderate (4, 5, 6)

						
							
							(112, 240, 324)

						
							
							225.33

						
					

					
							
							Labor Shortages

						
							
							Medium (4, 5, 6)

						
							
							Possible (4, 5, 6)

						
							
							Difficult (7, 8, 9)

						
							
							(112, 240, 486)

						
							
							279.33

						
					

					
							
							Inadequate infrastructure

						
							
							Medium (4, 5, 6)

						
							
							Likely (7, 8, 9)

						
							
							Difficult (7, 8, 9)

						
							
							(196, 360, 486)

						
							
							347.33

						
					

				
			

			Source: Primary Data Processed (2024).

			Fuzzy FMEA results: The Table 3 summarizes the fuzzy RPN calculations for key risks.

			The Risk Priority Number (RPN) calculations for the Robusta coffee supply chain highlight the severity, occurrence, and detection difficulties associated with various risk factors. The fuzzy RPN values, expressed as Triangular Fuzzy Numbers (TFNs), and their defuzzified RPN values provide insights into the relative importance of each risk factor. Climate variability is identified as a highly severe risk that is likely to occur and moderately difficult to detect, with a defuzzified RPN of 347.33. This indicates a substantial impact on the supply chain, necessitating immediate and significant mitigation efforts. Climate variability and inadequate infrastructure emerged as the top two risks. Climate variability, such as unpredictable rainfall patterns and rising temperatures, directly impacts coffee yield and quality, leading to reduced productivity and financial losses for farmers. Price fluctuations also present a high-severity risk but are less likely to occur compared to climate variability and are moderately difficult to detect. 

			The defuzzified RPN for price fluctuations is 225.33, suggesting it is a significant but lower priority risk than climate variability and inadequate infrastructure. Inadequate infrastructure, including poor road networks and limited access to storage facilities, exacerbates these challenges by increasing transportation costs and leading to delays, further undermining supply chain efficiency. These risks underscore the urgent need for mitigation strategies to protect the resilience of the Robusta coffee supply chain. Labour shortages pose a medium-severity risk with a possibility of occurrence and are difficult to detect. With a defuzzified RPN of 279.33, labour shortages are notable, requiring strategies to address labour availability and conditions within the supply chain. Inadequate infrastructure, identified as a medium severity risk likely to occur and difficult to detect, has a defuzzified RPN of 347.33. This places it on par with climate variability, indicating a critical need for infrastructural improvements to enhance the supply chain’s resilience.

			Table 4: Pairwise comparation matrix.

			
				
					
					
					
					
				
				
					
							
							Criteria

						
							
							Impact

						
							
							Cost

						
							
							Resource availability

						
					

					
							
							Impact

						
							
							(1, 1, 1)

						
							
							(1/3, 1, 3)

						
							
							(1/5, 1/3, 1)

						
					

					
							
							Cost

						
							
							(1/3, 1, 3)

						
							
							(1, 1, 1)

						
							
							(1/3, 1, 3)

						
					

					
							
							Resource availability

						
							
							(1, 3, 5)

						
							
							(1/3, 1, 3)

						
							
							(1, 1, 1)

						
					

				
			

			Source: Primary data processed (2024).

			Table 5: Fuzzy AHP results.

			
				
					
					
					
					
					
					
				
				
					
							
							Mitigation strategy

						
							
							Impact weight

						
							
							Cost weight

						
							
							Resource availability weight

						
							
							Overall weight

						
							
							Rank

						
					

					
							
							Improved irrigation systems

						
							
							0.35

						
							
							0.25

						
							
							0.20

						
							
							0.266

						
							
							2

						
					

					
							
							Diversification of crops

						
							
							0.30

						
							
							0.20

						
							
							0.25

						
							
							0.250

						
							
							3

						
					

					
							
							Enhanced pest management

						
							
							0.25

						
							
							0.30

						
							
							0.30

						
							
							0.283

						
							
							1

						
					

					
							
							Infrastructure development

						
							
							0.20

						
							
							0.25

						
							
							0.25

						
							
							0.233

						
							
							4

						
					

				
			

			Source: Primary data processed (2024).

			Fuzzy analytical hierarcy process (AHP)

			Criteria and sub-criteria definition: The criteria for evaluating mitigation strategies impact, cost, and resource availability are fundamental to ensuring practical implementation (Table 5). For example, impact refers to how significantly a strategy can reduce risks, such as improved irrigation systems addressing water shortages. Cost relates to the financial investment required, with strategies like infrastructure development being capital-intensive. Resource availability considers the accessibility of necessary resources, such as manpower for pest management. Providing these real-world examples helps stakeholders understand how these criteria apply in the context of the Robusta coffee supply chain. The criteria for prioritizing risk mitigation strategies included:

			
					Impact: The potential effect of the mitigation strategy on reducing the risk.

					Cost: The financial requirement for implementing the strategy.

					Resource Availability: The availability of resources (human, technological, etc.) needed for the strategy.

			

			Fuzzy AHP calculation: The mitigation strategies were ranked based on the calculated fuzzy weights to determine their effectiveness and priority. These strategies encompass several critical areas of improvement. First, improving irrigation systems enhances water efficiency and supports crop resilience. Second, diversification of crops is proposed to reduce dependency on a single crop, thereby minimizing economic risk. Third, enhanced pest management practices are essential for protecting crops from diseases and pests, which can significantly impact yield and quality. Lastly, infrastructure development is crucial for improving the overall efficiency of the supply chain, from transportation to storage facilities. By prioritizing these strategies, the study aims to bolster the robustness and sustainability of the Robusta coffee supply chain in East Java.

			The Fuzzy Analytical Hierarchy Process (AHP) results for the mitigation strategies in the Robusta coffee supply chain provide a clear prioritization based on impact, cost, and resource availability weights. According to table 5 the overall weight for each strategy is calculated to determine their respective rankings. Enhanced pest management emerged as the top priority, with the highest overall weight of 0.283. This strategy received significant weights for cost (0.30) and resource availability (0.30), indicating that it is a relatively cost-effective and resource-efficient approach to mitigating risks within the supply chain. Improved irrigation systems were ranked second with an overall weight of 0.266, receiving the highest impact weight (0.35), underscoring its importance in addressing climate variability and ensuring stable coffee production. Diversification of crops, with an overall weight of 0.250, was ranked third. This strategy is highly valued for its resource availability (0.25) and impact (0.30), highlighting its potential to reduce dependency on a single crop and mitigate market risks. Infrastructure development ranked fourth with an overall weight of 0.233, emphasizing the need for physical infrastructure investment to support the supply chain. However, it received relatively lower weights for impact (0.20) and cost (0.25).

			Enhanced pest management was ranked the top priority, underscoring the critical need to protect crops from the detrimental effects of pests and diseases, which can severely impact yield and quality. Following closely in priority is the implementation of improved irrigation systems. This strategy aims to optimize water usage, ensuring crops receive adequate hydration even during drought or irregular rainfall. The ranked mitigation strategies align closely with current practices in the Robusta coffee industry in East Java. For instance, enhanced pest management is already a critical focus due to the prevalence of coffee pests such as the coffee berry borer, which has caused significant crop losses in recent years. By ranking pest management as a top priority, this study supports ongoing efforts in the region to safeguard coffee production from these persistent threats. By focusing on these top-ranked strategies, the study highlights the most pressing areas for intervention to strengthen the resilience and productivity of the Robusta coffee supply chain in East Java.

			Analysis of fuzzy FMEA

			Climate variability emerged as a top risk due to its severe impact on coffee production. Climate variability has been identified as the most critical risk in this study, with significant implications for coffee production. Local case studies, such as the droughts experienced in the Dampit region of East Java in recent years, provide concrete examples of how climate unpredictability has led to substantial yield reductions. Farmers have struggled to adapt to these changes, which have disrupted planting and harvesting schedules, highlighting the need for more resilient agricultural practices. This result includes fluctuations in temperature, irregular rainfall patterns, and extreme weather events, all of which can adversely affect crop yields and quality (Gwambene et al., 2023). Temperature fluctuations can disrupt coffee plants flowering and fruiting cycles, leading to reduced yields (Kath et al., 2023). Irregular rainfall patterns can cause water stress, affecting plant health and productivity, while excessive rainfall can lead to soil erosion and nutrient leaching (Talukder et al., 2021; Vanden and Centinari, 2021). Extreme weather events, such as storms and floods, can cause physical damage to coffee plants and infrastructure, further impacting production.

			The fuzzy FMEA results underscore the need for robust strategies to mitigate climate-related risks (Nakhaei et al., 2023). Implementing climate-resilient farming practices is crucial (Viswanathan et al., 2020). These practices include selecting and cultivating coffee plant varieties more tolerant to temperature and moisture variability. Adopting agroforestry techniques, which integrate trees into coffee plantations, can provide shade, reduce temperature extremes, and improve soil moisture retention (de Carvalho et al., 2021). Improving irrigation systems is another fundamental strategy. Efficient irrigation methods, such as drip irrigation, can ensure that coffee plants receive adequate water even during periods of drought (Byrareddy et al., 2021). Rainwater harvesting systems can capture and s tore rainfall during dry spells, helping maintain consistent soil moisture levels (Chipomho et al., 2024). By addressing the multifaceted challenges posed by climate variability, these strategies can enhance the resilience and sustainability of coffee production in East Java. 

			Inadequate infrastructure was also a critical risk in the Robusta coffee supply chain. The discussion on infrastructure could be enhanced by suggesting specific actions that local authorities and supply chain stakeholders can take. For instance, improving road networks in remote coffee-growing regions would facilitate more efficient transportation, reducing delays and product spoilage. Additionally, the construction of centralized storage facilities could help farmers store their coffee beans securely, ensuring better quality control and reducing losses during transportation. The lack of proper roads, storage facilities, and processing plants can lead to inefficiencies and increased post-harvest losses (Yeshiwas and Tadele, 2021). Road conditions need to improve the timely transportation of coffee beans from farms to processing units, causing delays that can affect the freshness and quality of the produce (Li et al., 2023). Inadequate storage facilities exacerbate this problem by failing to provide optimal conditions for preserving coffee beans, leading to spoilage and loss of quality (Balehegn et al., 2022). Furthermore, insufficient processing plants limit the capacity for timely and efficient processing of harvested beans, which can result in bottlenecks and further degradation of product quality.

			This result highlights the necessity for substantial investment in infrastructure development to enhance the efficiency and reliability of the supply chain. Improving road networks will facilitate faster and more reliable transportation, reducing delays and maintaining the quality of coffee beans (Uygun and Jafri, 2020). Developing advanced storage facilities equipped with climate control can help preserve the quality of harvested beans by protecting them from adverse environmental conditions. Additionally, expanding processing plants’ capacity and technological capabilities can ensure that coffee beans are processed promptly and efficiently, maintaining their quality and market value.

			While market risks such as price fluctuations (defuzzified RPN: 225.33) and socio-economic risks like labor shortages (defuzzified RPN: 279.33) were not ranked as high as environmental and infrastructural risks, they still pose significant challenges. Price volatility affects farmers’ income stability, and labor shortages can hinder timely harvesting and processing of coffee beans. Addressing these risks requires economic strategies to stabilize market prices and policies to improve labor availability and conditions.

			Analysis of Fuzzy AHP

			Enhanced pest management is ranked as the top priority due to the severity of pest-related risks in East Java. Enhanced pest management ranked highest in the Fuzzy AHP analysis, with an overall weight of 0.283. This strategy is crucial given the susceptibility of coffee plants to various pests and diseases, which can drastically reduce yields and quality. Coffee farmers in this region have reported frequent infestations by pests like the coffee leaf rust and berry borer, which can devastate entire crops. The recent outbreaks of these pests, combined with the limited availability of effective pest control measures, make this strategy critical for maintaining production levels. Pest management is thus prioritized over irrigation improvements because it addresses an immediate and persistent threat to coffee yields. Implementing integrated pest management practices and using pest-resistant coffee varieties can mitigate this risk effectively. 

			Improved irrigation systems were the second-highest priority, with an overall weight of 0.266. Efficient irrigation is vital for coping with the irregular rainfall patterns caused by climate variability. Technologies such as drip irrigation and rainwater harvesting can help maintain optimal soil moisture levels, thereby enhancing crop resilience. 

			Crop diversification is well-documented as a risk mitigation strategy, but additional context on its economic impact in East Java can strengthen the argument. Diversified crops provide farmers with alternative revenue streams, reducing their reliance on a single crop and spreading economic risk. For example, intercropping coffee with other high-value crops such as pepper or cacao has been shown to increase farm incomes and enhance resilience against market fluctuations, making it an economically beneficial strategy. Diversification of crops was ranked third, with an overall weight of 0.250. Diversifying crops can reduce dependency on coffee and spread the risk associated with market and environmental fluctuations. This strategy can also provide additional income streams for farmers, enhancing their economic resilience.

			Infrastructure development was ranked fourth, with an overall weight of 0.233. Despite being a lower priority compared to other strategies, it remains essential for the long-term sustainability of the supply chain. Developing better roads, storage facilities, and processing plants can significantly reduce post-harvest losses and improve overall supply chain efficiency.

			Implications for supply chain resilient

			Integrating fuzzy logic into FMEA and AHP provided a robust framework for handling risk analysis and decision-making uncertainties and complexities. This approach enabled a more nuanced understanding of the risks and the prioritization of mitigation strategies based on multiple criteria. The findings of this study have significant implications for various stakeholders in the Robusta coffee supply chain. Farmers can adopt climate-resilient and integrated pest management practices to mitigate environmental risks. For policymakers, the insights can guide the formulation of policies that support infrastructure development and climate-resilient farming practices. For farmers, the research highlights practical strategies to enhance resilience, such as adopting pest management techniques and diversifying crops. Supply chain managers can use the fuzzy model to prioritize investments in infrastructure and technology that strengthen the overall supply chain. This study contributes to the supply chain risk management field by demonstrating the applicability of fuzzy logic techniques in a real-world agricultural context. It showcases how fuzzy FMEA and AHP can effectively assess and mitigate risks, providing a model that can be adapted to other agricultural supply chains facing similar challenges.

			Conclusions and Recommendations

			This study sought to improve risk analysis and mitigation strategies within the Robusta coffee supply chain in East Java by employing fuzzy logic methodologies. Through the integration of Fuzzy Failure Mode and Effects Analysis (FMEA) and Fuzzy Analytical Hierarchy Process (AHP), a robust framework was established to identify, evaluate, and prioritize risks and mitigation strategies amidst uncertainty. The study identified key risks, with climate variability and inadequate infrastructure emerging as the highest priority, both of which have a substantial impact on the supply chain’s resilience. The prioritization of mitigation strategies revealed that enhanced pest management, improved irrigation systems, crop diversification, and infrastructure development are the most effective solutions for addressing these risks. Additionally, actionable recommendations were provided for farmers, policymakers, and supply chain managers to strengthen the resilience and sustainability of the Robusta coffee supply chain. The study applied fuzzy logic techniques, specifically FMEA and AHP to assess and prioritize risks in the Robusta coffee supply chain in East Java. The results highlight that the most critical risks include climate variability, pest and disease outbreaks, and infrastructure limitations. Based on these findings, the most effective mitigation strategies are improved pest control practices, investment in irrigation systems, crop diversification, and rural infrastructure development. It is recommended that policymakers focus on climate-resilient agricultural programs, while supply chain managers and cooperatives should invest in targeted training and technology adoption to reduce vulnerability. Further research could explore the integration of dynamic data-driven models to complement fuzzy approaches in real-time decision-making.
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Abstract | Focusing on resilience-building in the Robusta coffee supply chain, this study introduces an
innovative risk analysis and mitigation framework utilizing fuzzy logic techniques in the context of East
Java. The research addresses critical issues of uncertainty and ambiguity in risk assessment, which are often
inadequately handled by traditional methods. Fuzzy Failure Mode and Effects Analysis (FMEA) and the
Fuzzy Analytical Hierarchy Process (AHP) were employed to identify, evaluate, and prioritize potential risks
and mitigation strategies. Data was collected from 150 respondents, including 80 farmers, 30 processors, 20
distributors, and 20 local government officials. Unlike conventional risk analysis methods that rely on precise
numerical inputs, fuzzy logic incorporates subjective perceptions and imprecise data, making it particularly
effective in addressing complex and uncertain conditions. This study reveals the applicability of fuzzy
techniques in enhancing supply chain resilience by providing a flexible and realistic approach to decision-
making. The study revealed enhanced pest management, improved irrigation systems, crop diversification,
and infrastructure development as the most effective mitigation strategies against climate-related supply
chain risks. Based on these findings, practical recommendations were proposed for farmers, policymakers, and
supply chain managers to strengthen resilience and sustainability within the Robusta coftee supply chain. This
research contributes to supply chain risk management by applying fuzzy-based FMEA and AHP techniques,
offering a structured and adaptable framework for analyzing uncertainties and prioritizing risk mitigation
strategies in agricultural contexts.
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Introduction people across more than 70 countries, particularly
in developing regions (Voora ez al., 2019). As one

he coffee industry represents a crucial component  of the most widely consumed beverages, coffee,

of the global agricultural sector, contributing over  particularly Robusta coftee (Coffea canephora), holds
USD 100 billion annually to the world economy and  a strategic position in regions with favorable growing
supporting the livelihoods of more than 125 million  conditions, such as Indonesia (Kath ez 4/, 2020). The
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